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One of the mechanisms manifested by Escherichia coli in combat is the production of bacteriocins such as colicins and microcins (6) . The highly specific and potent bacteriocins are produced in response to stressful conditions and aimed against other clones which do not have defensive weaponry or immunity genes. The highly diverse and well-studied co licins are proposed to play a significant role in maintaining and mediating the population dynamics within the E. coli community (13, 15) .
The colicins kill the target bacteria via a range of mecha nisms, including the formation of pores in the cytoplasmic membrane (colicins A, B, E l, la, lb, K, N, and U ), nonspecific degradation of DNA (colicins E2, E7, E8, and E9), degrada tion of RNA (colicins E3, E4, E5, E6, and D), and inhibition of peptidoglycan synthesis (col M) (3) . In this study, we establish the use of a cda-gfp whole-cell biosensor to detect and quantify the stress induced by DNA-degrading colicins that kill the target by activating a genotoxic stress response.
Strains used in the study were as follows: MG1655/pAN01::afe' [. Escherichia coli K-12 MG1655 carrying pA N O luafa', con taining a transcriptional fusion between the cda promoter and gfpmut3 (Ampr Cmr)] (9) as well as BZB 2101 (reference colicin A), BZB 2102 (reference colicin B), BZB 2103 (refer ence colicin D), BZB 2104 (reference colicin E l), BZB 2125 (reference colicin E2), BZB 2106 (reference colicin E3), BZB 2107 (reference colicin E4), BZB 2108 (reference colicin E5), BZB 2150 (reference colicin E6), Pap 247 (reference colicin E8), BZB 2114 (reference colicin la), BZB 2115 (reference colicin lb), BZB 2116 (reference colicin K), Pap 1 (reference colicin M), and BZB 1011 (colicin-sensitive strain) (all from David Gordon) (see Table SI For the production of colicin supernatants, we utilized the method of Gordon et al. (7) with the additional modification of filter sterilizing the supernatant before storing it at -80°C for 48 h. The preparation of the biosensor for the stress response assay was performed as described by Norman et al. (9) . All stress assays were performed in triplicate in 96-well microtiter plates using 100 pi of ~0.2-optical-density (OD) biosensor with 50 pi of different concentrations of colicin supernatant diluted in LB. The microtiter plate was then incubated at 37°C (Wallac Victor2 1420; PerkinElmer, Australia) with periodic shaking, and the fluorescence intensity and the OD at 600 nm of the samples were measured every 15 min for 3 to 4 h. The fluorescence intensity was measured at an excitation of 485 nm and an emission of 535 nm. Endpoint enumeration of the biosensor was performed to validate the survival of biosensor after each assay. Induction factor (IF) was calculated by divid ing the mean fluorescent intensity of the samples with stressors by the mean fluorescent intensity of the negative-control sam ple (LB plus biosensor) at the same time point. An induction was considered significant when an increase of induction factor by 0.5 was observed (IF > 1.5), coupled with an observation of dose response similar to the International Organization for Standardization (ISO) standardized SOS chromotest (10, 12) . Relative optical density (ODT/OD0) was calculated by dividing the mean optical density of the sample with the stressors (ODv) by the optical density of the negative-control sample (ODc) (LB plus biosensor) at the same time point. All values were means ± standard deviations for n = 3.
To evaluate the ability of colicins to induce a stress response in a genotoxin-responsive biosensor, we characterized the re sponses of representative reference colicins that kill the target by different mechanisms. The colicin-mediated induction of a stress response in the biosensor was assessed by coincidentally measuring fluorescence intensity over time in both colicintreated and control cells (LB broth).
The inductions of stress in the biosensor by various concen trations of the DNA-degrading colicins E2, E7, and E8 were compared by measuring the induction factor (IF) and the rel ative optical density over time (Fig. 1) . The ability of these A p p l . E n v ir o n . M ic r o b io l . colicins to induce a stress response in the biosensor was ap parent only 1 h after the addition of colicin supernatant. The dose-response curve of colicins E2, E7, and E8 revealed sig nificant induction of genotoxic stress on the target biosensor denoted by an IF above 3.
An IF above 4 was obtained both for E2 colicin supernatant at concentrations of 0.03% and 0.01% and for E7 colicin su pernatant at concentrations of 0.52% and 0.13%. For colicin E8 culture supernatant, the maximum IF of 3.5 was observed at a concentration of 0.01%. At concentrations above 2.08% of colicin supernatants, an initial increase in the IF was observed followed by a continuous decline after a period of time. A continuous decrease in the relative optical density was also observed above 2.08% of colicin supernatants. A steady in crease in IF over time was observed until 3 h from concentra tions of 0.13% to 0.01% for colicin E2, 0.52% to 0.13% for colicin E7, and 0.03% to 0.01% for colicin E8; however, no significant increase was noticed after 3 h.
The pore-forming colicins (A, B, E l, la, and lb) and RNAdegrading colicins (E3, E4, E5, E6, and D) were also tested for their ability to induce the genotoxic biosensor, but none did. A representative plot of data for the pore-forming colicin E l is shown in Fig. 1 . The relative optical densities and the endpoint enumeration demonstrated effective inhibition of growth and killing of the biosensor by the pore-forming and RNA-degrading colicin supernatants (data not shown). Supernatant from the colicin-sensitive strain BZB1011 was used as a negative control, and this did not induce a genotoxic stress response in the biosensor (see Fig. SI in the supplemental material) .
Bacterial community interactions are complex, with bacteria work ing together and against each other to maintain themselves within the environment in which they live (1, 8, 14) . This work focused on the use of a whole-cell biosensor, MG1655/pAN01::ofc', for real time profiling of the kinetic and dynamic measurement of colicininduced stress responses.
The biosensor MGlbSS/pANOlncdfl1' can report in real time the cytotoxicity induced by colicins and the activation of stress response mechanisms in the target. The induction of stress responses using reference colicins on the colicin-sensitive bio sensor demonstrated that only DNA-degrading colicins induce the SOS response on this biosensor. The time-and dose-de pendent responses of the biosensor to treatment with DNAdegrading reference colicin extracts (colicins E2, E7, and E8) were initially similar; however, the final induction factors were unique to each colicin, which may relate to differences in co licin concentrations in each extract.
The optimum assay time for measurement of colicin-mediated stress response was between 90 and 120 min. The biosen sor assay offers fast, real-time, and specific detection of colicin action. The biosensor assay allows the measurement of real time responses of colicin action on the basis of the stress response and cytotoxicity detected by continuously monitoring changes in fluorescence and optical density, respectively. This biosensor clearly offers advantages over traditional methods and yet is not applicable to all colicins (7, 11) . How ever, if an array of biosensors is constructed with other stressresponsive promoters such as rpoS, grpE, cspA, ibp, and iispA, which respond to general stress, heat shock, cold shock, cyto plasmic stress, and starvation, respectively (2, 4, 5) , the bio sensor system could be effectively used to detect and quantify stress induced by any colicins.
